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ABSTRACT

Estimates of the cumulative error associated with the
third-order Runge-Kufta solution of the two-degree of freedom
equations of motion are presented. These estimates constitute a
simple, but not rigorous, approach to automatic increment selection.
Details of the computer program TEA-2 which utilize these equations
are described. Sample calculations are included. TEA-2 is between
2,0 and 1.7 times faster than the previous trajectory program in
addition to providing greater consistency and reliability,



INTRODUCTION

Numerical solutions of two-degree of freedom trajectory
problems are approximations to the exact solutions, Intelligent
and efficient employment of high-speed computers for solving these
trajectory problems requires that the errors resulting from numeri-
cal methods be controlled. This report presents the equations and
describes the computer techniques used in TEA-2, a computer pro-
gram which calculates integration step length automatically, The
integration step length is computed such that the estimated error in
the range and/or percentage error in altitude at impact compared
to maximum altitude lies within prescribed limits. This program,
therefore, provides ammunition designers with the ability to cal-
culate trajectories such that the cumulative numerical error at the
impact point is tolerable and of pre-specified magnitude,

The TEA-2 trajectory program requires the usual input of

drag, thrust, and mass tables as well as initial conditions for velocity,

angle, and the coordinate position, In addition, one must furnish
allowable percentage errors for the range and/or maximum altitude,
Details concerning input and output are included in Section C of the
Procedure.

Equations for error estimation and automatic step selection
are presented in Section A. Program limitations and computer flow
are described in Section B. Appendix I contains a FORTRAN listing
of the program. Lastly, sample calculations are presented in
Appendix II.



. xs@,yfw

PROCEDURE

A previous report, Technical Memorandum 1262, established
a rigorous mathematical foundation for this work. Results from
that report are utilized in conjunction with additional approximations
to provide a set of equations for TEA-2, Section A contains this
aspect of the analysis., The general features of TEA-2 and detailed
instructions for its application are presented in Sections B and C,
respectively.

A, Mathematical Basis

Trajectory equations of motion for a point-mass, two-degree
of freedom system are:

X =V cos 0 X (t=0) = 0
Y =V sino© Y (t=0) = Y,
(1)
s T . 2.2 o -
\' -Tn-gs1n0-rKDdV/m V (t=0) =V,
0 =-gcos0/V 0 (t=0) = 0_

where T(t), m(t), f(y), Kp(V, £ ), gly), and d are given. They
symbolize thrust, mass, air density, the drag coefficient, gravi-
tational acceleration, and particle diameter, respectively. The
quantities V and 0 are the magnitude and orientation of the particle
velocity, respectively. Particle position coordinates are specified
by x and y. Figure 1 illustrates these quantities.
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Figure 1
The Coordinate System

An approximate solution to the set of equations (1) is obtained
by using a third-order Runge-Kutta method, The approximate solution
is given by:

U“, U ¢4 w ? ‘skza * CJ(SU Y=xyV6 (2)

where

K bU/ co Yir Ver G0 &) (3)

Kaw /’”(’ *C, K> Yy #C Ky Vo Ky 6 *C K05

¢ +¢,h)
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Coefficients corresponding to the Gill modification are used.
They are:

Cy = . 62653829

C, = -.55111241
Cq = -. 48268182
Cg = . 85614329

Application of the Runge-Kutta solution method to equations (1)
introduces truncation error which is dependent on the degree of ap-
proximation and rounding error which follows from the limitations
of the digital computer. Errors at the i-th time step propagate
forward in time and introduce ''propagation error,'

The aforementioned errors were treated at length in TM-1262,
It was shown that a bound for the cumulative error can be obtained
from consideration of propagation, truncation, and rounding errors.
Results from TM-1262 are combined with assumptions and approxi-
mations in this section. The set of equations so derived provide
estimates of the cumulative error (not rigorous error bounds), and is
employed in the TEA-2 program, The assumptions, limitations, and
equations used in TEA-2 follow.

Assumptions:

1. The speed of the point-mass does not change by more than
5% per time increment.

2. The orientation of the velocity vector does not change by
more than 2 degrees per time increment.

3. The difference between the values generated by a single
step of length (h) and two steps of length lzlis only due to truncation
and rounding errors, '

4. Quantities undergoing arithmetic operations and those in
storage possess a relative error less than 10-8,

5. Sine and cosine routines used on the Picatinny Arsenal
IBM 709 have a relative error less than 10-8,

6
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Derivations contained in TM-1262 established rigorous
bounds. This report is not concerned with rigorous error

bounds, but with error estimates. Consequently, bounding values

for the variables used in TM-1262 will be replaced by local values.

Moreover, estimates for truncation error based upon the difference

in the

length (h/2) will be employed. Appropriately modified equations -
from TM-1262 follow. Estimates of cumulative errors at the i-th

variables for a single step of length (h) and two steps of

point which result from errors at the n-th point are:

where

e, = y[-c, + (¢ +¢5) 7\,.‘""]
e, = lKl

oL vV

~,

€vi
Cvi = €xn * l//p[([-n)(d”bz* Ayr)-CC5" +
Y /s AEA
(¢, +¢,) ¢y ;: = :l

-
(¢,/+¢,7¢, 2L = ]

2,/
’ e e,
¢, = max< v, 9/7>
2 VK
¢ = d,5 + KA,

C4 = dos + Kdu

oy max(|8674 3, |67 B)

H
1l

(<)
(5)

(6)

(7)

(8)
@)
(10)
(11)
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and g = Ays Kvr = K2y °(e.r
3 = Kt %yn " Ksq Xor
- (22)
¥ = Ay Kyy # Kg; Aoy
Y = KKy + AyyKar
also, K = P (/5)
Kz, |
€ = 3 ["(53 Ay #[(ay = gg)? # Het3y X g5 ] 04)
A, = | +0aT€eh ' (5)
4, = Hyzg Ny ~Kzyys o = 7_9_ (/6' 17)
The propagation error coefficients are given by:
g, = cos@ , g = |sinel (8)
L5 = p (103-.014c +.0003c?) (19.1)
A,4= 1.20p5 +0.28 -.000/c (19.2)
Kys = (ps*.08)(1.0-.02¢ +.0004c%) + .10  (19.3)
Ay = (B *-07 A, (19.4)
K33 = -0/9=1J0c +.04c?-.0002¢" (19.5)
«,4= (g +./0)(1.02 +.0/8¢c) (12.6)
Kys= (g #.07)(1.40-.02¢ +.0003c?) (9.7)
Ayg= 120 p, +.2) +.003c (12.8)
where c = 2P Kp 0’2V2 ' Qo)

mg
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Next one invokes the assumption that the difference between
the values resulting from a single step of length (h) and two steps of
length (h/2) is only due to truncation and rounding errors., Subtraction
of the rounding error yields:

Ax = max<{|xh) - x(2-2)| - a b0 (21.1)
by = max |yh) = y(2:4)l - et h¥,0> . (2.2
AV = max L Wh) = V(2:-L)|-«,, 95, 0> 2/.3)
40 = max <|émk) - 6(2-2) ‘deeﬁj, 0y (2).4)

where the rounding error coefficients may be approximated by:

- -7

4 .

Kyp = 19 X JO (22)
-7

K ~ [2.9,,—% + 2.0 +2.3c] x /O

-7
0(62 = 26 X /O

It follows from equations (15), (23), (92), (93), (94), and
(95) of FRL-TM-1262 that

a 7| 8|h3 3
AV 4 IA’I @3)
A0 & 7 I_ZI A3 (24)
4 |4,
Thus, | I
A,y X (lass| AV + Azy V48) 71//;; (25)
Koy = (|5l AV # o, V46) 414 (26)
7V5°
9



Also,

. 8Ax ~
Ayy = X (27)
Ayr & 84y (27.1)
7 Vh*

Time increments are selected such that the estimated
cumulative errors based upon local (that is, n-th step) propagation,
truncation, and rounding errors satisfy specified allowable error
criteria for the x and/or y variables at the impact point. That is,

and/or }’z(h) = eyf(/’) - éy = 0 (29)

exr(h) -~ &, =

where the subscript f denotes the impact point and the quantities &,

and é), are the allowable errors in the x and y variables at impact,
respectively., Equations (7) and (8) require the number of steps

between the n-th and f-th points. Moreover, estimates of the range and/or
maximum altitude will be required since the allowable error is specified
as a certain percentage of these quantities.

Equations (28) and/or (29) are solved by the method of double
false position with a convergence criterionof 4, - b, .05

where £;(h)20 and ¥;(h)<0,i=)2, The starting value of the
iteration A = -0/1’/9 followed by 35Ah,= 4, if £ (h,) < © or by

dho = A, if #(h) >0 . The maximum step size is , 035 V/g which
is consistent with assumption 2, Time increments less than ,000035V/g

are not permitted.

The following formulas are employed to obtain the required
estimates:

(f-n) = at/h | (30)
[ Ym +/y}rf # 29ym] + -, (31)

where A l‘ = §’-

or At = t*-4, such that y(*) =0 @)
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where t,, is the starting point for the terminal ballistic phase of the
trajectory. The time t  will be specified in the thrust table.

The terminal ballistic phase (Phase IV) impact range and
maximum altitude are estimated from a linear drag model. They are

given by:
d
X = A Y (32)
max .9(2 // U »w) A(U¢
£ _
= -4 YU AY¢ (32.1)

yoz T 9Zn (1-u;2) Al;)

Ymax = sup.{y"y‘,/ 4-=n,....,f} (33)

U, = U, + 4y, (33.1)

U, = 8in 6, (33.2)
where

Yy &0 defines

2
=0 [/-u? / lon6n| - AU
A) { /-U [m + ‘g N } 7 } (33.3)

(U, * .9995) / 20 U > Uy,

(33.4
(U, + .9995) y,., /[200,_/ -y,)] )

N
&
L

/5 = (00]2“7/(0 (33.5)

11



The following approximation is made for the model
trajectory:

e = [ 00234 /53] x 107

where

m=0 0ft < y £ 58, 000 ft
m=1 58,000 ft< y « 100,000 £t
m=2 100,000t £ y « 160,000 ft
m=3 160,000 ft< y « 230,000 ft
m=4 230,000 ft € y « 300, 000 ft
m=5 300,000 ft € y « 400,000 £t
m=6 400,000 ft< vy « 600, 000 ft
m=7 600,000 ft < y

Estimates of the dependent variables for an intermediate

ballistic phase (Phase II) from t; to tg follow:

vy = V; - (9 506 # ,o/(,,a'zlgz/m)(l‘j-!y) (34)
Vo= 05 (Vi) (34./)
0y = 6 - 9C0$9j(f9-l/')/7 (35)
6, = 0.5(6,+6¢;) (35/)
Xo = X; # 0.8V, cos6,(ly-1;) (36)
Yg = yy *0.8Y sin6,(ly-1;) (37)

The velocity change for a thrust phase from tj to t, has been
calculated from linear drag approximation. Estimates for thrust phases
are:

A = 95/}) 6, (38)
/5 = FKDJZK, (39)

Ve = Tllx) - m(éx)[_Z: fa(‘) f[lf, + m(lx) T 4o - Tﬂ,,)][m(lx)]é
A E~m |f i B-m £ B lnk,)

12 (40)
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where

T = 7}, ¢ 7.'{{'&,)
m = /77/, -n:)(é’lb)

0.5 (‘6, ’ yk) (42)

SN
'

QK = 9/) - 9C059/7(é/(‘{/,)/‘/2
6, = 0.5(8,+6,)

Xe = X, # 0.8V, co56,(-44) (44)

Yo = Yy * 08H 506 (e-1,) ( 45)

B. Computer Technique

A number of refinements have been incorporated in TEA-2 in
order to generate reasonable error estimates, These refinements

include:
1. Conservative range estimates,.

2. Insuring that the truncation error coefficients do not
decrease by a factor of more than . 8 from the last time they were
computed unless a phase change occurs,

3. Averaging the estimated error at the (n+N)-th step such
that it is one-half the sum of estimates based upon local values at the
n-th and (n+N)-th steps provided that N steps have been taken since the
last step selection and that a phase change does not occur at n+N,

4. The acceptable percentage error is doubled if the
criteria cannot be satisfied,

13



The TEA-2 trajectory program may be utilized to compute
two-dimensional, point mass trajectories for one and two stage
rockets and/or ballistic projectiles and consists of the following
phases:

Phase I Acceleration of Booster and Main Stage
Phase II Coasting of Main Stage

Phase III  Acceleration of Main Stage

Phase IV  Free-flight of Main Stage

Any of the above phases may be excluded in the computations;
for ballistic trajectory computations, only Phase IV is required.

The following are program conditions:

. Control systems are not considered

. A flat earth model is assumed

. Winds are not considered

ARDC Standard Atmosphere, 1959

. Constant thrust or thrust variable with time

. Thrust modification for atmospheric pressure changes

Constant linear weight change or weight variable with
time for rocket boosted phases

+ kp or Cp drag coefficients may be used

SOV bW N

[+

9. Form factor to alter drag coefficient

Thrust values for the acceleration phases {I & III) are obtained
in the computations by linear interpolation of a thrust (lb) versus
time (seconds) table when table values are presented; however, a
constant thrust force may be presented instead of tables.

A constant weight change (burning rate, lb/sec) or a table of
weight (Ib) versus time (seconds) may be introduced into the computa-
tions for rocket boosted missiles. Using the table, weight is obtained
in the program by linear interpolation, When tables are not presented,
the weight is decreased during thrust phases by a factor of integration
increment (seconds) multiplied by the burning rate for each step of
integration,

14



Tables of drag coefficients (Cp or kD) versus mach numbers
may be presented for each acceleration phase to be computed and for
the free-flight phase. If only Phase IV (i,e., ballistic trajectory)
is to be computed, then only the drag coefficient table for free-flight
is required.,

A constant drag coefficient may be presented for the entire
trajectory. (See description for Card #1.)

A generalized and a detailed flow chart are presented in order
to depict the program logic, The corresponding FORTRAN listing
can be found in Appendix I, Reference should be made to the flow
charts prior to any modification due to the complexity of the branching
operations in the body of the program. This program requires 7024
words of core storage. '

15



$10049 fo XQV4
B Sarywa fourwidf 3f1i/q
L

o5y wf ygnop Ag spourcwiray

wosit/o

s0/puv dbuvs wrwtxows

apnduro> p Krogsafesy
burwrvwss spowips 3

spuardiffoor 10445 vorppIUnLy
.pue Q.Q\Ot‘\&\\ } v\e\:\,o p)

1 s

A10p39(wsy fo pus sof 45y

g

)

1

2soyd mau 10f worgozIpDIfrur

S B

ou sof
F 1 Va\n\ \0 \U\h /%t Q.\

© ﬂ,\",ﬁ tc- \°\ \“-N

asvycd) mav /1 4sas

. fonswnu N 1119 V T .,smtaQ

worgow fo
wt&\e\&u /e eo.\\usmu\ew

wors @ 1o sof speifse
10409 ndwos puv sdayfs
v pxou s0f v u\ao\,EoV

puvoc puasssd of
ss0415 Aiof 32 0sy 2bvsanv

U\)O\NCQN p sdys u

gsod 1980 sa0s40 Ywaifsy

}

s20708 grdlfno \ot\w&V\
gV dog gndhno aprsp

#5rag¢ # Spuariffaos
bosp sof 431055 2qvy
s a1y 12d/oscf

N\\V*{hg\,w V\Q nh\QV

nht\\ovu«\ \2\\\5 ers
spusfsuor voy v\mv\ wr

\\\w - ‘\\\»\' h“n\)& \h“

Spuefsuod
[ 04433 rwvsbosd pac
suipnos srshpoie 424.
.\rg\ Q.Q\\“N\\‘.\\.\N\N
Stors uaeup

£ IP1400 0\ mQQ.\ [ V224 wo)

w\v\u?.e\!\ o »2/0sd
\ on.\\\\Q,QQv \U\\\Q.\

2y 2dop yndui posy

SHFE, SSbtr p fSnayy
"4203 ‘s yevpswos fospuos

V44 vn\e\ \a\s P

JIDY) Moy { PIZIBIFUID
Z-v7L woibosy s34rctuo>

SIIHOLII VYL WOAITAS-10-TIHOIT-OML +°f SISATYNY HOHHI AMOL2INvid

16



t 2bvy . ] !
I sseqy sof yyy ssve il | ou
7 obot @ 2y »dvs poolur pway or sswfy batgndwos fi fsay |
e
TR Y PN I sl ou
z¥ scoy (ool pRRY | w puvyswod fi sy 3yqoy y203 bosp pybit/-2211
—Z , 2l 2dvf yndui priYy
2L
I *Svwy sof qf SsvwW I »soyy \w\ »qop fsnsyy
2r v \&Q\ PN Zy »oby pochs ro2Y o/qop yo03 bosp [ ssOYg
“ or gy >dvy gndur pory
S/ _ oy 8_ sol L
e yuvfsuo [t 5L I »5%yy hﬁ\%\k&u YL sak
, oz . I #s0yy buypndhuos {1 ysoy
T oul sof oL
Ix ssoqg of yqef fsosys JSPaYf HQqotiea f1 psar Bl ok ow
Zy 292t godu poay 7z ¢ fuosuod Juatdiffoo> boeup sr
oL
T ol o yquy foo> bssp pmr d5VYy
mr »s oy MS\D«\Q\S S 5oL Zy 2o yndur posy "$4sw0> fosfwo> sosboid
” P2 ’ €z Zy 2dvy yndur pooy

/

T ]

foussty Auutpodiyg

‘qp7 822udi>g butizsurbuz UISISIN NP N 1 ONINVADOHS
worys3g sishyouy p burgndewod : NOILVZINYOMO ddoy e @ : SISATYNY

Z-viL Ecxmo\n\ \U\aoxﬁov
SIIHOLIINrYHNL WOAITHA-10-T7H070 - OMA *of SISATUNY HONAI AHOLIINrvHd

17



z vy

QINV £ 2boc

2 vhﬂﬂ\A \blv

1§>\\<,_ \t\\,hasou \0\\QOU \UW

\QU.\ N\\.\Nﬁv !
r'y v \0\ y220os YFYL

R GO
saf ow

V\Q&\\V\ M\

| peearaiffoen bop [ psu

4

‘7§ £ \Q\.\wu.\\.\UO\e\Qs

M\\vwﬁ\wﬁk\\ F -4 v\ 0&:0“
[

wwrbosd \\ >
props copous

\\w\ uv.\vs\ sof

puad siyp fo
fo swory onks

s Qe.s\. v\ QQ\Q\QV

sl oy

I dsogy v\&\\?qgov r ity

Sy op SO

s\\v\\u\ﬁ.\ v\aG\D\QM
s \ s svoo

fospuo> wrsbosid (a5
durpros sishyovo
10445 2sof vorpoZiforfruT

0\\.‘\ twosbord
4 4 vnxan \DQVDQ 1M

gor

Jonrtfees

h\\\v /5722 \\0\ vﬁ\
E\\v\ berer>pcks \\..\\DQ

N‘ V\V\ \{n.\\ w'vk

-} Lor

2608

WQQ.\\U\,)\NRQQ
cws\.bs\ﬂv\\ Q.\ 28 \W\

s 0\3 \ n\v\*\ N\. PrdCPO)

i

\u\ud\ e\\.v\\ “ffoo> NV\\G
psw0> \n\a.\\vvow \,\3\ Y

sbuipray fodyno
gy >dop yndgro spupm

oéos

sof ou

\wvs&\\ u,h!\s\..\c.\QQM \Q
surssrse’ .nobx\v \w»\
pmps g ‘®rsv rzoU
\U\V\ NQ.\S\)Q s\wss\*\ (o
bl 4 UQ\Q\ \Qo\a\.\ \Q,VVQ

’9

NIy foBmysUOd \\.; pIYY

gy 2o

Y 25—
s s3p500g .\\ weiposaf2 oy

frofpno speam

3707

L d

ov] g2/

R S,

orr

SUOIrS /A0

\\,«\0 ¥y 4 Qﬁ.\\. VN.\\..\\‘\Q.Nu

s

ov s

Zaosoyy b\.s\\va\ntvv s

v

18



& sbuy

T et

() 23wsbssncws Vs
\.\..so.\ \..\\\afu f50f doyg
/r70/

2 26w/
$2/ ou

\s \Q\m\ug\\& :
frpotoy £ prae

\uh'ﬁss rner

S o

U\.,\\',\UN\ “..s .\\s \hﬂh

]

/09

o 2boo/

ou el
(aF1sm2pn) SworpoP 174

40403 \o.\ \ov\aq\&teu
nn\u\m Q.O\\.v\\v\&\ Sfo
1@y \us.\bku\ \.\ F 4174
669

2 2bvc/
S» ow

deipaos MQ\\vu\U
\\%\vu.\!\\ e .\~ yrvrag

P~ SSPlv = SSPW

vt danpg 2 sy - dofc

ok @N 260/

pe 4of [oryerod
Q&\\Q\mv\..% S1 yrvesg

t

1

vopwibigut (109
RS 2éuny s2pao pagy

7

#ybiam sof yroas yqsy |

74

n\u\o.(!co\ \\vaa \oox.s\-\U\
gy 2dop yndpro apum

l/ 4

Sa/f ou

2404

NQ.GSQ Juspsuod [ g5

sSaA | oe

fropno \c..\..\l \o\ /3L

W‘ 2, \Q&n\‘u

g£0S

\\\ vory st\vvuv U\QO\EV
Z0S

{4

\n)\%x uhV\w
[72; 127 \6\ QU\VV“ /qeL

| o0&

1

fybrom wof yosv35 yquL

ﬂ,UN, _ ov

6/

U\. t 4

%Q.z\sbﬂ fePfsvod Vit

1

(7) Qw\\c 1312220 p
\,m\-\*\ \vv\. 224402 V\S&\QU
705

saf

-

\ s Q\A\\

uhvmcx [SP2yy or .\ youvag

KMo r "worgossyrap

Y ] QV\% \!\\0 V\S\D\QV
I %

124 s00q xﬁ.\ §yo+075 2/9Y/
ooz

x'r X _N |

\SQR\QV .-M!‘N\ \o\ \nvki_
g6

sof ov

f5reyf puopsuod f1 (s

4

19



r Y

20

I -1~
@ £ 26w/ U\Q!\ \,n\.\*\\ \c ] W\ev\ntov
[or-9€ subs) (quf f5701 | reree prow op 2y s2e warposbopus: ssrctuz; |
Sfe \t\aﬂ\ frou \u\\ 243 | quJ\V /5P f v\o\.&&h | . , 769
\\\-sVQV\ \U\\w\\\\v \“\a\‘\ Z **5°Y%o \\\ S Sow
fo sarpen sfoctwer 2 fsnayp sof yrsovs ATYU 2V - v pes
10 T S50q 4 sSSP I 5509 "
B psnagp sof y2rees ygy ‘ prorlsf ssupp gpm
7 I — con 3p2 preyan g fso
ap04 burving 240y \u\&\\ A sanpop
\Q!\“.QQV \\~ ‘vQV\Q \\\0\\?\8 u»o\\\ww
sr 0\ PE WQ&\\Q&U o2 of g/ WQQ.A\Q&V
nnv‘O\ /57Yf : h\.\u.,\»\.\\»eu 10449
.\\ \s.\s%\\\u.“\ \ﬂ\ .V\U *‘\\\ \ﬁ\n\‘\ \5 QJ,\\,‘\Q\Q\Q\ F) 3\\2\0“
~\\~»§\»\ ‘ U\v\.\.\\\ﬁ “2bcos ! \Q\sw\ frov of ORQ.\\ \VQ\ : .\.\
\Q sanyof u\aQ\ntuV. : 2birvy> ysrayy u\aa\sw \A\Q\\ \m\ "2 ’ pr 20/ 27
=709 I ssoyy sof ssocu “spoffro 2bros ‘2tiy [
/577 \n.\ Ak d HgTL saryep \w\\a\ 119> 2494
PP w-to = tw & 9009 L £09
&
4 4rd e \Q\{ s .Ih@ @Hﬁ r [® Nvmv\@
frou po ssoe u\a«\k\ow \v\&\g "~
I 7760 d h«.\\vﬂ vw,!\ﬁ\ \Q\N *UQN\Q \,5\\\ \\\\ o4 .\\.Co\u\
[ , §oo?
saryen Y9 os E?\N “w

Ypopopro “sbans iy fo
\0\‘-\ “n?h\\a-ﬂ V\.\-D\E\..U

WUQ\‘\ \\\‘\\EQV V\o\w
co?
©Or09 2/ ans\ghﬂ\ o
o eT o §T ns_vs\gmu ssod | sswl| g1 | saed g7
apos MQ.\Q\\RV : w\,,ev\ws\.\uov 20443 swipros 40443 \\e
fuepsuo> \‘ povig wospwIUniy spadluo) ooy 4351109 of youvsg

[ 144

Vd¢ 14




¥y ™~

1
boot pr cmpge of 6 wopsobs
7 ﬂ sper 07 woymbe Afsiyrs _
. 0\ ve\\an\ vva\\kkvxbov spaf pyo \Q\!\t sboos
00..\\“& v,n\c\ v\ﬂéd nta,e\.s\vs 0«\.\2\\»\6
£E€ p 2F ucws\\b\N
ss0yc/ 2ysif10g [Puresssf
sof \\o\vu,.\v\\ yppeuiys 3

sp a2 ffe0r
«.U\\. o s\w\n\.s 0\3\\&53“ .

er9

&<ZH T wko.\\\a\v N\m\\!n

3p 9 \\\Co\w\ op oy ores 04\\.\l\ﬁ\

\N\\-\\\\ﬁ.. \N\Q\\\Q WNQ\\\-

T 7209
osyof 9000 sof 52¥ fo , &!\ﬁ
.A;\.i.\u.!x& 2 P Py o S0y o h&\\sv\m %n.\\ﬁt\mw
$10415 2bosony 2s045 09 LE Of PE neo.\\\)\u
KN \‘\*Q\
vi\Vﬁ\ MG 42 \x,&\u\.\\\\ 2f8[19G fCIpasfl
L% »r mc.o\\obkv S foops \6\ wory o/ \\\N \\Q\»v.\ﬁ\\ sy
n0\u\n A ¥ ol At n..\w%‘a\v 102079 T sro? |
gxocr \w\ Si0013 frupasy $ 7374 saf —.8"1
%7 5ok (o2 I 2504y bupnclwos [ pou
ssoyc/ psv a0 \so\uu.\t\\ Fz09
2P \vm&s\ \v /s \ g 2uvsgy I gll'
\awsk&\m Qv‘\( \v.s u..\!ﬂ .ﬂQQ\\v.s\ON\K
29 [1:M senf ffe pr> [EPYF f° U7 f° Peeag
ss2yd poyp yors oiyes A Ss04.43 zzo9
9 ¥ :\u\h Sfo srqwou p \vv\Ws\w\ﬁ\ h\\\v\‘ , \\{8
v \Mv\\“ ‘Aewssirov fr 2008 ov sa/
29 uQQ.s\v.s\vv.sQ\.
zs B (7 Lo p seopenbs sof paprctwer wasg |
\»\an,\k\eu solafs o, soy uni*o\ Yaded 4
>q of un\\ﬂ\ w gouosg _\un\ AIAO 20449 0\!8,.«\6% | /4 s\\es \\ grurng
h oc?

{ ro5

/7209

21



s 2b6oc/ s 2boc/
s/ oV :

W\\ﬂ\'\ |
\\\\U \\\\Q\ \\m\s\‘\ )
“ﬁ.\\wa \\\5,“\&«\8 ‘,Q “\

h\\\&\»».\q«\\ ssoew [ ps3y

foop 22124
2PAQ M\Q\\V.\“ \\‘N\

hﬂv*t.\uv 404D \“ Us\ﬂ\s\b

R s

(

“N\Q\@

\%\ no \Qh.\sk\\w\. 0\.\\\<

Sappeifsa 10443

\\\ \v\.;\..“V\ IVQ\V\< U\Q\“

[ n
’
sak “ ov

0\)\\\\‘ \‘u.\\b.\\u\ we
\\Q!na\ huﬁ\vM\N\tﬁv .\.\ \uv-h

2 #bsd ﬁ.l—nu

wk@.vﬁ&»? \3\\8 o
$41epy s>

\0.\\%\8 ?\!\RQ\Q\ \6“. :

) €36

970Z

< \\\0\@

oo sy
\,G n,h\ﬁn&.\\nu AOL4D \*
\ov\.\.o\v\ so0pon >s0fc

AT 28 0Yyy \v.\ Qo\\VN\\b\\.QN.

J[ [

1.

Zosoqy «of weprzyripor|

J’ ¢

1

Zo>5opy sof wopexysiprar

0L

)

@v ryY 94
‘ﬁ\ oy s

A/
*a\‘\w Crr 20409 h\v\.\\ﬂn\
b A Al ittty et
yoorw susbssnwos fo g3y
] 70L

q\\w N = Ve
WQQ\.\\\S. Crr 40142 na\ﬂ\
3~\\Q \\«.\\AQ\V\ (7~ \\\N%

Fr 7] \\V\ssv \\ \ L X 74

Q\Qh
ss !n\

Un\\\. nos > \-\w\ 22A WO,

\ss\ ’» \!\\ .\u \OQ

F3

)

E:/§ [

‘ﬁ‘a\\ \\\,,\\ 0\ *UQ‘\Q

s

sayon s>seyd fo pPU>
& 2oy profno af i

[ 4

ou sof

sseyd fo pus [f: yiuwsg

vy

22



m*t}%m

C. Computer Usage

The procedures for preparing input data to trajectory program
TEA-2 are discussed in this section, and examples of typical cases
are presented and described, ‘

Input data is punched on cards which are loaded with the program
deck onto tape. Data sheets which may be used for presenting required
data for key-punching are illustrated in the descriptions of sample
trajectory cases to be computed. The computer program reads input
data from Tape A2 which is the standard for IBM FORTRAN Monitor
Systems,

Descriptions of input requirements will consist of two parts:
(1) Rocket trajectories and, (2) Ballistic trajectories,

23



1. Rocket Trajectory Input

Card #1 contains nine one-digit and three two-digit control
parameters from columns 1 through 15, Columns 16 to 20 are for
a decimal input number., These parameters are to be presented
across card #1 as follows:

Card #1.... NEXT(1l), NEXT(2), NEXT(3), NEXT(4), KDCON,

NTHRST, KD, M, NXY, JN, NJR, NS, GAMMA
Format (911, 312, F5,0)

where:

NEXT(l)....equal to O for not computing Phase 1
equal to 1 for computing Phase [

NEXT(2)....equal to 0 for not computing Phase II
equal to 1 for computing Phase II

NEXT(3) .... equal to 0 for not computing Phase III
equal to 1 for computing Phase III

NEXT(4).... equal to 0 for not computing Phase IV
equal to 1 for computing Phase IV

KDCON ..., equal to 1 for variable drag coefficients
(use tables)

equal to 2 for constant drag coefficient

NTHRST.... equal to 1 for using thrust tables
equal to 2 for not using thrust tables

KD........ equal to 1 for using kp coefficients
equal to 2 for using Cp coefficients

M......... equal to 1 for using weight table
equal to 2 for not using weight table
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NXY...... equal tol for step selection based on range
error criterion
equal to 2 for step selection based on
maximum altitude
equal to 3 for step selection based on total
range and maximum altitude

JN........ number of trajectories to be computed for the
same conditions of error limit, thrust and
drag coefficients (a two digit integer)

NJR...... trajectory identification number for first
trajectory to be computed ( a two digit integer)

NS....... number of integration steps to be computed
for error estirmations (a two digit integer; if
left blank on card, set equal to ten in program)

GAMMA ... percent error limit for trajectory computations
(if left blank on input card, GAMMA is set equal
to 5. 0% in program)

Cards #2 to #7 contain the drag coefficient table for Phase I, Cards
#2 to #4 consist of the table mach numbers, and cards #5 to #7 contain
the corresponding drag coefficients,

Cards #8 to #13 contain drag coefficient tables for free-flight phases
(Phases II and IV). Cards #8 to #10 are for the table mach numbers, and
cards #11 to #13 are for the corresponding drag coefficients.

Cards #14 to #19 contain the drag coefficient for Phase III, Cards
#14 to #16 are for the table mach numbers, and cards #17 to #19 are for
the corresponding drag coefficients.

Either kD or CD coefficients may be used in the tables; however,
values that are to be used must be specified by the control parameter
KD in card #1. All of the coefficient tables may be eliminated as input
when in card #1 KDCON = 2,
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Cards #20 to #25 contain the thrust table for Phase I. This
table is not required when a constant thrust force is to be used; and
for this case, the control parameter NTHRST in card #1 must equal
2, and a thrust value must be presented in card #46, Cards #20 to
#22 are for the table time values, and cards #23 to #25 are for the
corresponding table thrust values.

Cards #26 to #31 contain the weight table for Phase I and
must be presented only if in card #1 M=1, Cards #26 to #28 are for
table time values, and cards #29 to #31 are the corresponding table
values of weight,

Cards #32 to #37 contain the thrust table for Phase III, These
cards are not required when a constant thrust value is to be used; and
for this case, NTHRST must equal 2 in card #1 and a constant thrust
value must be presented in card #46, Cards #32 to #34 are for table
time values, and cards #35 to #37 are for the corresponding table
thrust values,

Cards #38 to #43 contain the weight table for Phase III and must
be presented when constant burning rates are not used (in card #1 M=1),
Cards #38 to #40 are for table time values, and cards #41 to #43 are the
corresponding table values of weight,

Data field widths for all input valves are nine columns, and
eight values may be introduced on one card., Tables are required only
for phases that are to be computed. Each table that is required by the
program will consist of six input cards; therefore, if data is not available
for completing the maximum table requirements, blank cards must be
used to supply the proper number of cards,

The last three cards required for input (cards #44, 45, and 46)
will be listed along with input symbols, and these cards are required
for each rocket trajectory to be computed, Using the same error
criteria, thrust, weight, and drag coefficient tables, "JN' trajectories
may be computed by varying initial conditions, configuration, etc., in
cards #44, 45 and 46,
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Card #44.....THDEGO, VO, WGT, DIA, XO, YO, TO, YF

where:

THDEGO...
VO...ovvu
WGT ......
DIA .......
XO.ieennws
YO...onnw
TO . .voeeene
YFE covvnn

initial quadrant elevation, degrees
initial velocity, feet per second
total weight, pounds

missile diameter, inches

initial range, feet

initial altitude, feet

time at start of trajectory, seconds
terminal altitude, feet

Card #45..... THRST, DOTM, AREA, BWGT, THR2, DOTMz2,
AREA2, PRESO

WHERE:

THRST.....
DOTM .....
AREA .....
BWGT .....
THR2 ......
DOTM2Z ....
AREAZ2 ....
PRESO....

booster thrust, pounds

booster burning rate, lb per second
nozzle throat area of booster, sq. in.
booster weight (w. o. propellant), pounds
main stage thrust, pounds

main stage burning rate, lb per second
nozzle throat area of main stage, sq. in,
static test atmospheric pressure

AREA, AREAZ2 and PRESO are to be presented for input only
when the thrust is to be modified in the computations for atmospheric
pressure changes. For this correction not to be performed, AREA
and AREA2 must be made equal to zero or left blank on the input

card,
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Card #46 ........ TIM(l), TIM(2), TIM(3), DWRT(I), DWRT(2),

where:

DWRT(4), CKD, FACT

TIM(1l) ....... end of Phase I, seconds

TIM(2) .eve... end of Phase II, seconds

TIM(3) ....... end of Phase III, seconds

DWRT(l) ..... output spacing for Phases I and III, seconds
DWRT(2) ..... output spacing for Phase II, seconds
DWRT(4) ..... output spacing for Phase IV, seconds
CKD......... constant drag coefficient

FACT ........ form factor (if left blank on input card,

form factor is set equal to one)

ALL DATA PRESENTED ON CARDS #2 TO #46 MUST HAVE

DECIMAL POINTS AND HAVE FIELD WIDTHS OF NINE COLUMNS,

Rocket Trajectory Sample Input Case

The rocket sample case is for a one stage rocket which would
require computing Phases I and IV of the program.

The following conditions represent the trajectory input requirements:

O 3OV WV
L]

10,
11,
12,
13.

Cp drag coefficient tables
constant burning rate (5 lbs/sec)
constant thrust (100 lbs)

step selection based on range error criteria
10 integration steps per estimate
quadrant elevatio. = 45, 0°

initial velocity = 1000, 0 fps
weight = 100, 0 1bs

diameter = 11, 0 inches

burning time = 4, 0 seconds
output spacing every A4t

form factor = 1.0

5. 0% error limit
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For the above conditions, the following data must be presented

in card #1:

NEXT(1)
NEXT(2)
NEXT(3)
NEXT(4)
KDCON
NTHRST
KD

M
NXY

- JN
NJR

NS (blank)
GAMMA (blank)

i n
N VNV~ OO+

-

-

1,

compute Phase I

do not compute Phase II

do not compute Phase III

compute Phase IV

variable drag coefficients presented
constant thrust

using Cp drag coefficients

not presenting weight tables
(constant burning rate)

step selection based on range error
criteria

01, compute one trajectory
01, trajectory numbered 1

, ten integration steps per estimate
, 5.0% acceptable error

An illustration of the presentation of data on card #1 may be seen

on page 33,

The drag coefficient tables for Phase I and Phase IV as presented
for key-punching are shown on the table data sheet on page 32, These
tables are punched onto cards #2 to #13, and the punched cards are

illustrated on page 33.

Cards #14 to #19 are not required for input as Phase III is not

to be computed.

Cards #20 to #43 are not required for input as thrust and weight
tables are not to be presented,

The following data must be punched on card #44:

THDEGO (45. 0), quadrant elevation, degrees
VO (1000. 0), initial velocity, fps

WGT (100, 0), missile weight, 1lbs

DIA (11.0), missile diameter, inches

Values for XO, YO, TO, and YF do not have to be punched on
the card for this case as they equal zero,
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The following data must be punched on card #45:

THRST (100, 0), constant thrust force, lbs
DOTM (5. 0), burning rate, lbs/sec

Values for AREA, BWGT, THR2, DOTM2, AREA2, and PRESO
do not have to be punched on the card as this data is not required for
the given rocket,

In card #46, only the following need be punched:

TIM(1) (4.0), end of Phase 1, seconds
TIM(2) and TIM(3) are not required as Phases II and III are not

being computed.

DWRT(1), DWRT(2), and DWRT(4) are left blank as output is to
t.

be printed for every integration increment,

CKD is left blank as table values of drag coefficients are presented.

FACT is left blank as a form factor equal to 1, 0 is required;
however, a value of 1, 0 may be punched for FACT,

Data presented for key-punching onto cards #44, #45 and #46
may be seen on the input sheet on page 31, An illustration of this data

on cards may be seen on page 33,
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INPUT FOR TRAJECTORY PROGRAM TEA-2

For Ballistic and Rocket Trajectory

QUADRANT ELEVATION, degrees <5,

INITIAL VELOCITY, ft/sec 1000,
TOTAL WEIGHT, lbs 700.
DIAMETER, inches /. ©

INITIAL RANGE, f{t
INITIAL ALTITUDE, f{t
INITIAL TIME, sec
TERMINAL ALTITUDE, ft

For Rocket Trajectory

BOOSTER THRUST, lbs 200.
BOOSTER BURNING RATE, 1b/sec 3.0
BOOSTER NOZZLE AREA, sq. inches
BOOSTER WEIGHT (EMPTY), lbs

MAIN STAGE THRUST, lbs

MAIN STAGE BURNING RATE, 1bs/sec

MAIN STAGE NOZZLE AREA, sq. inches
STATIC TEST ATMOS. PRESSURE, 1b sec®ft~4

For Rocket Trajectory

TIME AT END OF PHASE I, sec .0
TIME AT END OF PHASE II, sec

TIME AT END OF PHASE III, sec

OUTPUT SPACING FOR PHASES I & III, sec
OUTPUT SPACING FOR PHASE II, sec
OUTPUT SPACING FOR PHASE 1V, sec
CONSTANT DRAG COEFFICIENT

FORM FACTOR

For Ballistic Trajectory

OUTPUT SPACING, sec
FORM FACTOR _
CONSTANT DRAG COEFFICIENT
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Table Data Sheet for TEA-2 Trajectory Program

Name Date
Argument | 0.0 [2Y’} 2.8 e.9 /.0, /. / 7 /.2 | ,/-,_:’“,.
mach no. /o /1.5 /6 | /L8 20 | 725 | Zo <0
5.0 e
F unction /3 /3 S | 175 | 255 | 277 | (RS | 275
<o 26 2L/ | 228 ' Qof | 186 | K/ | 153 | .14/
Phase IZ 232 4
Argument 0 0.6 0.8 0.9 10 /.7 Y4 /.3
mach no. | 1 4 1.5 /& /8 | 20 | 4.5 | o | Lo
5.0 ‘

Function g3 ._/_3 JE ,/75 K55 | .277 | .28 |.275
o .26 | .24/ |.228 | 208 | ./86 | .16/ | ./53 | ./4/
M(Pbdse )| ./32 ]

) -.'-‘_.:;,;umén: )
Fu:.ction
' ~1
Argument
Function.
.Argrumentr
Funcﬁon
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ROCKET TRAJECTORY INPUT
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2. Ballistic Trajectory Input

Card #1 contains the same values as in card #1 described for
rocket trajectories on page 24,

Card #2 to #7 contain the drag coefficient table. Card #2 to #4
are for the table mach numbers, and cards #5 to #7 are for the cor-
responding drag coefficients. This table is not required when
KDCON = 2 in card #1. For this case, the constant drag coefficient
must be presented in card #9.

Either kD or CD drag coefficients may be used, and values
employed must be specified by the control parameter KD in card #1.

Card #8 ...... THDEGO, VO, WGT, DIA, XO, YO, TO, YF

where:
THDEGO ..... initial quadrant elevation, degrees
VO.......... initial velocity, feet per second
WGT ......... total weight, pounds
DIA.......... missile diameter, inches
XO........... initial range, feet
YO....oo..... initial altitude, feet
TO...ve...... time at start of trajectory, seconds
YFE ......... .. terminal altitude, feet

Card #9 ..... DWRT(4), FACT, CKD

where:
DWRT(4) ..... output spacing, seconds
FACT ........ form factor
CKD........ . constant drag coefficient

ALL DATA PRESENTED ON CARDS #2 TO #9 MUST HAVE

DECIMAL POINTS AND HAVE FIELD WIDTHS OF NINE COLUMNS,
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Ballistic Trajectory Sample Input Case

The following conditions are for the sample ballistic trajectory:

Cp drag coefficient table

initial velocity = 1000, f{ps
quadrant elevation = 45, 0°

weight = 100, 0 1bs

diameter = 11, 0 inches

output spacing every At

form factor = 1,0

ten integration steps per estimate
0.5% error limit

O 00 NN WN -

For the above conditions, the following data must be presented
in card #1:

NEXT(1) = 0, do not compute Phase 1

NEXT(2) = 0, do not compute Phase II

NEXT(3) = 0, do not compute Phase III

NEXT(4) 1, compute Phase IV

KDCON 1, wvariable drag coefficients presented

NTHRST = 2, no thrust

KD 2, using Cp drag coefficients

M = 2, not presenting weight tables

NXY = 2, step selection based on altitude error
criteria

JN = 01, compute one trajectory

NJR = 01, trajectory numbered 1

NS = 10, integration steps per estimate

GAMMA = 0,5, percent acceptable error

An illustration of the presentation of data on card #1 may be
seen on page 37.

The drag coefficient table for the ballistic trajectory as presented
for key-punching is shown on the table data sheet on page 38 . This
table is punched onto cards #2 to #7, and the punched cards are illustrated

on page 39,
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The following data must be punched on card #8:

THDEGO (45.0), quadrant elevation, degrees
VO (1000, 0), initial velocity, fps

WGT (100,0), missile weight, lbs

DIA (11,0), missile diameter, inches

Values of XO, YO, TO, and YF do not have to be punched on
the card for this case as they equal zero,

Card #9 may be left blank., No value is required for CKD as a
table of drag coefficients is to be presented, No value is required
for DWRT(4) as output is required every integration step, At. No
value is required for FACT as the form factor must equal one,

Data presented for key-punching onto cards #8 and #9 may be

seen on the input sheet on page 37 ., An illustration of this data on
cards may be seen on page 38 .
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INPUT FOR TRAJECTORY PROGRAM TEA-2

For Ballistic and Rocket Trajectory

QUADRANT ELEVATION, degrees
INITIAL VELOCITY, ft/sec
TOTAL WEIGHT, lbs

DIAMETER, inches

INITIAL RANGE, ft

INITIAL ALTITUDE, f{t

INITIAL TIME, sec

TERMINAL ALTITUDE, f{t

For Rocket Trajectory

BOOSTER THRUST, lbs

BOOSTER BURNING RATE, 1lb/sec
BOOSTER NOZZLE AREA, sq. inches
BOOSTER WEIGHT (EMPTY), lbs

MAIN STAGE THRUST, lbs

MAIN STAGE BURNING RATE, lbs/sec
MAIN STAGE NOZZLE AREA, sq. inches

STATIC TEST ATMOS. PRESSURE, 1b sec’ft~4

For Rocket Trajectory

TIME AT END OF PHASE I, sec

TIME AT END OF PHASE II, sec

TIME AT END OF PHASE III, sec

OUTPUT SPACING FOR PHASES I & III, sec
OUTPUT SPACING FOR PHASE II, sec
OUTPUT SPACING FOR PHASE 1V, sec
CONSTANT DRAG COEFFICIENT

FORM FACTOR

For Ballistic Trajectory

OUTPUT SPACING, sec
FORM FACTOR
CONSTANT DRAG COEFFICIENT
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Name

Table Data Sheet for TEA-2 Trajectory Program

Date
Argument 2.0 o, & o.8 o7 /e O /. / /. 2 AR
mech no, VLt | 245 | L6 | /8 | 2o | 25 | 30 |Ao |
5.0 Zo 2.0 /0 | 7250 | 3o,
Function /3 A3 N.2# 175 | . 258 | 277 | .284 | .275
o 26 LKL/ | . 228 | 2af | /86 | ./6/ | . /53 | ./2/
o/ 22 S22 24 ,ée,z SO ,/Q
L
Argument :
! Function
—d
Arizument
Function
t B et
‘ Argument
Function.
— ]
Argument
?unctioh
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BALLISTIC TRAJECTORY INPUT
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RESULTS AND DISCUSSION

The TEA-2 digital computer program for the IBM 709 has
been tested on a substantial number of trajectories. This program
has always selected reasonable time steps. Time steps for TEA-2
are dependent upon the accuracy specified by the user as well as
the problem characteristics, That is, problem initial conditions,
body drag characteristics, and vehicle thrust characteristics are
important parameters and exert a significant influence on the time
increments used by TEA-2,

Analysis of output for typical ballistic flights has shown that
the estimated range error is somewhat more than 10 times too con-
servative. That is, an estimated range error of 1% by TEA-2 would
correspond to an actual range error less than 0, 1%,

Four typical trajectories were computed in order to establish
timing estimates. The program limitation to a maximum angular
change per time step of two degrees places an upper limit on compu-
tational speed., This limitation explains the small difference in
computation time between the 5% and the 0. 5% ballistic trajectories
presented in Table 1.

The first ballistic trajectory corresponds to the sample input,
and sample output presented in Section C and Appendix II, re-
spectively, A similar trajectory and the time steps required for less
than 0. 5% range error are presented in Figure 2. Actual range error
is probably much less than 0. 5% in this case. Figure 2 illustrates
that maximum time steps were taken from 10, 483 seconds to 33. 837
seconds.

Figure 3 illustrates a typical rocket trajectory which is
similar to the ballistic case., Initial step size is much smaller in
this case., The average step size is 25% less than for the ballistic
case,
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Table 1 lists two typical ballistic trajectories and two typical
rocket trajectories. Both 5% and 0. 5% range accuracies were re-
quested for these trajectories, These problems were run both on
TEA-2 and on the ''standard'" two-degree of freedom program which
utilizes a fixed time increment which is an input quantity, This
input time increment is based on the user's experience. The values
reported in the table are typical of those presently used. Under the
assumption that the four cases presented with flight history con-
stitute the '"average'' problems, the use of TEA-2 constitutes a time
savings of 2,1 and 1.7 for the 5% and 0. 5% accuracy specifications,
respectively. This will result in a cost reduction of 35, 900 dollars
per year or 28,500 dollars per year for the respective required
accuracies, Cost savings are based on current usage of 19 hours
per month at a cost of 300 dollars per hour. The 5% requested ac-
curacy should be the most widely used case.

Computation time is approximately 2.5 to 3.5 times faster
than the ''standard'" program for the usual ballistic and rocket
trajectories. However, TEA-2 speed is restricted by output time
which results in the computation times reflected in Table 1. Compu-
tation times including terminal output and error table output only are
also included in Table 1. Clearly, detailed flight history should be
printed out only when absolutely necessary.

Very high drag bodies such as parachutes cannot be treated by
this program.
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APPENDIX 1
FBRTRAN LISTING

THE TEA-~2 SBURCE PREGRAM IS WRITTEN IN F@RTRAN LANGUAGE.
IT REQUIRES SINE, CBSINF, SQUARE REAT, AND EXPANENTIAL LIBRARY
SUBRAUTINES. ALSO REQUIRED ARE THE ATMBSPHERE (ATM@S) AND
TABLE SEARCH (TABLE) SUB~-PRAGRAMS WHICH ARE LISTED AFTER THE
MAIN PRIGRAM, A FARTRAN LISTING 8F THE MAIN PRAGRAM FOLLOWS.

CTEA-2 TWE-DIMENSI@NAL, TWB-STAGE ROCKET @R BALLISTIC TRAJECTERY
Cc (WITH 1959 ARDC STANDARD ATM@SPHERE)
C COMPUTING AND ANALYSIS SECTISN
C
C TRAJECTBRY ERRQ@R ANALYSIS #s TWP DEGREES O8F FREED@M
c ANALYSIS s# LT, H.,J. KOPP,PH.D & EXTENSION 72264
C PRIGRAMMING == MR, J.N. NIELSEN = EXTENSIEN 73230
Cc
o THIS PROGRAM SELECTS THE INTEGRATION STEP LENGTH SUCH THAT TME
C ERROR IN THE TOATAL RANGE IS LESS THAN A PRESCRIBED AMBUNT AND/@R
C THE ERRPAR IN ALTITUDE IS LESS THAN A PRESCRIBED AMBUNT.
C
OIMENSIOBN TABL1(24,2),TABL2(24,2),TABL3(24,2),TRSTL(24,2),
1 TRST2(24,2)yTMAS(24,2) 4 TMAS2(24,2) yNEXT(5),TIM(3),
2 DWRT{4),X0O87(3),YDBT(3),VDBT(3),THOBT(3)
DIMENSTON TN(200)+sXN{200),YN{2CO),THN(200),VN(200),EX(200),
) | , EY{(200),ET(200),EV(20C0)
COMMEN RHO,PRSB,GRAV,CMACH,KDCON,NATMAS
C
o FARMAT STATEMENTS
Cc

100 FARMAT (911,312,F5.0)

101 FORMAT (8F9.0)

104 FORMAT (7F10.0)

105 FORMAT (8FS5.0)

106 FORMAT (1H1,43X,31H COMPUTING AND ANALYSIS SECTIEZN/27X,66H Tw8 DIM
1ENSIZNAL, TWO-STAGE ROCKET gR BALLISTIC TRAJECTORY PROGRAM/41X,3TH
2 *WMITH 1959 ARDC STANDARD ATMZSPHERE=//)

108 FBRMAT (8H1 TIME, TXs6H RANGE 46X,9H ALTITUDE,4X,9H VELBCITY,4X,
1 6H THETAy5Xy5H MACH,5X,3H KDy 7X,7H THRUST,6X,TH WEIGHY ,5X,
2 8H DENSITY)

109 FARMAT (8H TIME,TX¢6H RANGEs6Xy9H ALTITUDE4X,9H VELBCITY,4X,

6H THETA)5Xs5H MACH,5X,3H KD, 7X,7H THRUST,6X,7TH WEIGHT 45X,

8H DENSITY)

110 FARMAT {14X,84 X-DERIV,5X,8F Y-CERIV,5Xs8H V-DERIV,3X,9H TH-DERIV,
1 38Xy5H DRAG,6X9s9H PRESSURE//)

111 FORMAT (F9.3,2F14.34F12.34F11.3,F1C.49F9.4,F14.3,F11.3,E15.5)

112 FORMAT (9X,2F14.3yF12.34F11.3,33X,F11.3,E15.5)

113 FORMAT (46X,20H END OF TRAJECTORY,I3)

115 FORMAT (1HLl,46X,26H CPASTING ©F MAIN STAGE)

114 FORMAT (38Xs44H ACCELERATIGN @F B@ESTER AND MAIN STAGE)

116 FORMAT (1H1,44X,30H ACCELERATIAN @F MAIN STAGE)

117 FORMAT (1H1,45X,29H FREE-FLIGHT @F MAIN STAGE)

118 FARMAT (1H1,36X,59H ACCELERATION @F BE8STER AND MAIN STAGE #
LFF  LAUNCHER)

121 FORMAT (4TX,26H CBASTING 2F MAIN STAGE)

122 FURMAT (45X,30H ACCELERATI@N BF MAIN STAGE)

123 FORMAT (46X,29H FREE~FLIGHT @F MAIN STAGE)
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126 FORMAT

(LH1,56X,6H TEA-2/34X,52H TRAJECTORY ERROR ANALYSIS s+ TW@

IDEGREES @F FREEDBM//)

127 FBRMAT
18RT 79

(5XsTLH ANALYSIS ## CR. H.J. KBPP ®» EXTENSI@N 72264 « REP
BE PUBLISHED/SX,50H PREGRAMMING ## MR, J.N. NIELSEN # EXTEN

2SIPN T73230/7)

128 FARMAT

(8X,103H THIS PRAGRAM SELECTS THE INTEGRATIEN STEP LENGTH S

LUCH THAT THE ERR@R IN THE TBTAL RANGE IS LESS THAN A/5X,111H PRESC
2RIBED AMBUNT AND/OR THE ERRPR IN ALTITUDE IS LESS THAN A PRESCRIBE

3D AMPAUNT,

4 ww)
129 FORMAT

1 ERRPR
130 FARMAT

THE ERR@R CRITERIGN USED FPR/5X,23H THIS TRAJECTARY WAS

{8X,85H THE AB@VE CONDITION WAS SATISFIED, AND THE COMPUTED
IN TATAL RANGE IS EQUAL T0,EL15.8,79H PERCENT.//)
(8X,93H THE ABOGVE CENDITION COULD N@T BE SATISFIED, AS THE

ICOMPUTED ERRAR IN TBTAL RANGE IS EQUAL T3/6X,E15.8,9H PERCENT.//)

131 FORMAT
1

132 FBRMAT
1

133 FORMAT

134 FORMAT
1
2
3

135 FORMAT

136 FARMAT
1

137 FORMAT

138 FARMAT
|

139 FORMAT
1
2

140 FORMAT

141 FORMAT
| §

2
142 FORMAT

(28Xys39H THE ERR@R IN TETAL RANGc IS LESS THAN 4F6.2,
9H PERCENT.//)

(28X945H THE ERROR IN TERMINAL ALTITUDE IS LESS THAN ,fF6.2,

29H PERCENT 2F MAXIMUM ALTITUDE.//)

(50X422H FINAL ERRPR ESTIMATES/S57X,6H sesnesw)

(5X,7H RANGE ,E15.8,14H RANGE ERPBR ,E15.8,11H ALTITUDE ,
E15.8,17TH ALTITUDE ERRZR ,EL15.8/5X,7H THETA ,E15.8,

14H THETA ERROR ,EL1S5.8,11H VELECITY ,E15.8,

17H VELOCITY ERRPAR ,E15.8//)

{51Xy19H INITIAL CONCITIBNS/S57TX,6H snsaan) .

(8Xy7TH RANGE ,E15.893X,1CH ALTITUDE ,E15.843X,7TH THETA ,
£15.8,3X,10H VELOCITY ,E15.8//)

(47X325H TABLE UF ERROR ESTIMATES/S56X,6H aunna)
(1H1,40X¢37H TABLE @F ERRPZR ESTIMATES (CENTINUEC) /56X,
6H wsssa)

(11Xy5H TIME17X,6H RANGE,16X,9H ALTITUDE,15X,6H THETA,16X,
9H VELOCITY/30X,12H RANGE ERRER,10X,15H ALTITUDE ERRPZR,9X,
12H THETA ERROR,10X,15H VELECITY ERRBR//)

(6X9EL15.8,4(8XyE15.8)/21%04(8X,EL15.8)77)

{5X,24H IMPACT BETWEEN RANGE OF,E15.8,9H FEET ANC,E15.8,

SH FEET//5X¢36H IMPACT CENTER PREDICTED AT RANGE 8F,El15.8,
21H FEET AND ALTITUDE @2F,E15.8,5H FEET)

{8X,904 THE ABOVE CENDITIAN CRULD N@T BE SATISFIED, AS THE

1CEMPUTED ERRPR IN ALTITUDE IS EQUAL TB/6X,EL5.8,29H PERCENT £2F MAX
2IMUM ALTITUDE.//)

143 FORMAT
IMPUTED

(8X491H THE ABBVE CENDITIBNS COULD N@T BE SATISFIED. THE Cg
ERROR IN TOTAL RANGE I5 EQUAL T@/3X,E15.8,56H PERCENT, AND

2THE C@MPUTED ERROR IN ALTITUDE IS EQUAL T£,E15.8,29H PERCENT @F MA

3XIMUM
144 FORMAY
1 ERRZR

ALTITUDE.//)

(8X,82H THE ABOVE CENDITIZN WAS SATISFIEC, AND THE CBMPUTEC
IN ALTITUCE IS EQUAL T@,E15.8,11H PERCENT @F/5X,17H MAXINUM

2 ALTITUDE//)

145 FPRMAT

IRRAR IN TATAL RANGE IS EQUAL TP,F15.8,9H PERCENT,/4X,48H

(8X,83H THE ABOVE CENDITIENS WERE SATISFIED. THE COMPUTED E
AND THE

2COMPUTED ERR@R IN ALTITUDE IS EQUAL TP,EL15.8,29+H PERCENT QF MAXIMU
3M ALTITUDE.//)
1 READ INPUT TAPE 2,100, NEXT(1),NEXT(2),NEXT(3),NEXT(4) KDCBN,

1

NTHRSTyKCyMyNXY , JHyNIJRy NSy GAMMA

G@ T8 (70,74),KDCOAN

REAC STATEMENTS

70 IF (NEXT(1)) T72+72,71
71 READ INPUT TAPE 2,101, TAS8L1
72 READ INPUT TAPE 2,101, TABL2
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[xXa N3l

c

13
74
75
404

76

78

405
©06

407
408

1001
1002
1003
1004
1005
1006
8090

5091

IF (NEXT(3)) 74,774,173

READ INPUT TAPE 2,101, TABL3

GO T8 (75,2) s NTHRST

IF (NEXT(1l)) 77,777,404

READ INPUT TAPE 2,101y TRSYTI1

GO T2 {(T647T7),4M

READ INPUT TAPE 2,101, TMAS

IF (NEXT(3)) 2,2,78

READ INPUT TAPE 2,101, TRSTZ2

GO T8 {(79,2) M

READ INPUT TAPE 2,101, TMAS2

READ INPUT TAPE 2,101y THDEGO,VO+WGT,DIAX2,YB,TE,YF

IF (NEXT(1l)) 405,405,406

IF (NEXT(3)) 407,407,404

READ INPUT TAPE 2,101y THRST,DOTM, AREA,BWGT»THR2,00TM2 ,AREA2,PRESE
READ INPUT TAPE 2,101, TIM,DWRT(1),DWRT(2) DWRT (&) ,CKDFACT
GO TP 408

READ INPUT TAPE 2,101, DWRT{4),FACT,CKD

WRITE BUTPUT TAPE 3,106

CONVERSION BF INITIAL VALUES TP C2RRECT UNITS

Te
X2
Ya
Ve
THET = THDEGH/57.29577
THETA = THET
RWGT = WGT
RMASS = WGT/32.17405
RMASSA = RMASS
D@TM = DPTM/32.17405

W nH

< € XX =

DPTM2 = CATM2/32.17405
BMASS = BWGT/32.17405
CMACH = 0.0

DIA = DIA/12.0

DIASQ = DIA#DIA

AREA = AREA/144.

PRESO = 144.0+PRESP
DWRT(3) = DWRT(1)

IF (NS) 1001,1001,1002

NS = 10

IF (GAMMA) 1003,1003,1004
GAMMA = 5.0

IF (FACT) 1005,1005,1006
FACT = 1.0

GB T8 (5092,5090),NTHRST
TRSTL(1,1) = T@
TRST1(142) = THRST
TRST2(1,1) = TIM(2)
TRST2(1,2) = THR2

DELTHR = QO.1=TIM(L)

DELTRS = O.1#(TIM(3)-TIM(2))

D@ 5091 1 = 2,24

TRST1(1,1) = TRST1(I-1,1) + DELTHR
TRST1(I,2) = THRST

TRST2(I,1) = TRST2(I-141) + DELTRS
TRST2(1,2) = THR2

CONTINUE :
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C
c

€092

5991

5992
5993

6001
€002
6003
80
81

INITIAL VALUES FOR ERRBR ANALYSIS RBUTINE

AXR = 1,9€-7
AYR = 1.9E-7
ATR = 2,6E-7
AVTL = 0.0
ATTL = 0.0
AXTL
AYTL
EXLN
EYLN
EVLN
ETLN
EXNN
EYNN
EVNN
ETNN
EVN
ETN
EXN
EYN
You
OLFY = 0
DTOANE = 0,0

TIME = TIM(1)
NEG = O
NPgS = 0
NA = O
NB = 0

NTERM = ]

NEST = 1

NN = 2
CNN = NN
N =1

NSTEP = 1

YMAX = Y

IF (THET) 5991,5991,5992
JMP = 2
GO T8 5993

JMP = ]

JUMP = 1

GAM2 = ,01#GAMMA

KPHASE = 1
DELT = V/32174.05

OTH = DELT

EPS = 1,0

KU =1
KUK = 1]

ASSIGN 7007 TP KAP

ASSIGN 42 T@ NWRT
GOg T8 (6001,6002,6001) ¢NXY
NNXY = ]
GB 78 6003

NNXY = 2

ASSIGN 602 T2 NERR

(U O I R TR O ')
20000009000

Qe o 0 ¢ 6 OCOOOCOOOOOO

[~NeNeNeRol
e OO0ODODOOSs ¢ 0 ¢ 8 ¢ o ¢ o &

o nu

GO TP (80,81),KD

CF = FACT

G# T8 82

CF = 0.39269908#FACT
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82 J =1
NNN = ]
NATMES = |}
88 N = )
LINE = 2
ASSIGN 64 TO NCNT

INTEGRATIBN CONSTANTS

(s X Mgl

Cl
c2

0.62653829 s LELY
~0.55111241 = DELY
c3 1.4072559 = DELT
Cé -0.48268182 » DELT
EPSLAN = 0.00! » DELT
WRIT = T-EPSL@N

IF (NEXT(N))409,409,410
409 NNN = 2
Gé 1@ 50
410 WRITE BUTPUT TAPE 3,114
61 WRITE BUTPUT TAPE 3,109
WRITE QUTPUT TAPE 3,110

308 45 K = 1,3
GO TP NCNT,(62,64)

62 WRITE GUTPUT TAPE 3,108
WRITE BUTPUT TAPE 3,110
ASSIGN 64 T@ NCNT
CBNTINUE

64 CALL ATMAS(Y,V)
G@ 1O (10,29),KDCON
10 GO T8 (17,425021,25)yN
TABLE LOPK-UPS FBR DRAG COEFFICIENT

DURING FIRST BURNING STAGE

[a¥aNaNeNal

17 CALL TABLE(TABLLyCMACH,CKD,24)
G8 1@ 29

DURING SECBNC BURNING STAGE

(g XalNe!

21 CALL TABLE(TABL3,CMACH,CKD,24)
Gg T8 29

DURING FREE-FLIGHT

(2 X e N el

25 CALL TABLE(TABL2,CMACH,CKD,24)
CONTINUE

29 6B TO (95,96) 4 NTHRST

95 GO TO (200,964300,96)+N

THRUST TABLE FOR FIRST BURNING STAGE

OO0

200 CALL TABLE(TRSTL,T,THRST,24)
GO TP (18496,96),K
18 G2 T8 (19,96)M
19 CALL TABLE(TMAS,T,RMASS,24)
RMASS = RMASS/32.17405
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300

22
23

96

501

502
503

34
35
36
37
38
39

40
41

63

42

43

GO T@ 96
THRUST TABLE FOR SECEND BURNING STAGE

CALL TABLE(TRST2,T,THRST,24)
G TO (22,96,96),K

Gd T8 (23,96)4M

CALL TABLE(TMAS2,T,RMASS,24)
RMASS = RMASS/32.17405
CONTINUE

DERIVATIVES

CCD = CFaCKD ‘

DRAG = CCD#RH@+V«V&0I1ASQ

DAM = DRAG/RMASS

CCBS = COSF(THET)

CSIN = SINF(THET)

XDBT{(K) = V=CC@S

YDBT(K) = V=CSIN

G@ T8 (501,502,501,502),N

PRESS = PRSB#ARGU

THRUST = THRST + AREA«(PRCS@-PRESS)
VDOT(K) = ("HRUST/RMASS) - GRAV#CSIN - D@M
RWGT = 32,17405#RMASS

Gg 19 503

VDBT(K) = —~GRAV#CSIN - D@M

THDBT(K) = -GRAV#CCES/V

GO T8 (35,43,44),4K

GO TO NWRT,({36,39,41,42)

IF(DWRT(N)) 37,37,38

ASSIGN 41 T2 NWRT

Gd 10 41

ASSIGN 39 TP NWRTY

CBNTINUE

IF(WRIT-T) 40,40,42

WRIT = T+DWRT(N)-EPSL@N

THDEG = 57.29577aTHET

THODT = 57.29577#THCET(1)

WRITE BUTPUT TAPE 3,111y ToX,Y o VyTHOEGsCMACH CCD,THRUST,RHGT,RHE
WRITE BUTPUT TAPE 3,112, XC2T(1),YCOAT(1),VCET(1),THDDT DRAG,PRESS
LINE = LINE + 1

IF (28-LINE) 63,63y 42

ASSIGN 62 T8 NCNT

LINE = 1

CONTINUE

MEDIFIEC THIRD BRDER RUNGE-KUTTA INVEGRATION

X + Cl=XD@T(K)
Y+ClsYDAT(K)
V+C1l#VDBT(K)

T = THET+C1l+THDAY(K)
T@ 45

mu N

X + C2aX0BT(K)
Y+C2eYDAT(K)
V+C2eVDAT(K)

HET = THET+C2+THDAT(K)
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G@ T@ 45

44 X = X + C3«XDCOT(K~-1) + C4«XDAT(K)
Y = Y4+ C3#YDOAT(K-1)4C42YDRT(K)
V = V& C3+VDET(K-1)4C4#VDBT(K)
THET = THET4C3#THDETIK-1)+C4eTHCAT(K)
T = T+DELT

RMASS = RMASS-COTM«CELT
45 CONTINUE

H.KZPP ERROR ANALYSIS RAUTINE (SIMPLIFIED)

NSTEP = NSTEP + 1

GO T2 (599,599,92,92),KU
599 IF (NN - NSTEP) 601,601,92
601 G@ TP (1311+492)yNTERM
1311 IF (Y-YBU) 92,1312,1312
1312 G@ T@ NERR,(602,603,605)

602 ASSIGN 603 T@ NERR
NSTEP = NN - 1

VW =V
THTH = THET
XX = X

YY = Y

RMT = RMASS
TV = 7
ODDTT = DELT
Go 19 3

603 ASSIGN 605 T@ NERR
ASSIGN 42 TO NWRT
NSTEP = NN - 2

DH = DELT
VH = V
THH = THET
XH = X
YH = Y
COMPUTATIEN OF PREPAGATIEN ERROAR COAEFFICIENTS
C = (2,0#RHZ=CCD»DIASQeVaV)/(RMASSsGRAYV)
CSQ = Ce(C
PC = COSF{THET)
PS = SINF(THET)

PS = ABSF{PS)

A13 = PCe(1,03 - .014=C + .CO03#CSQ)
Al4 = 1.2#PS + .28 - .0001sC
A23 = (PS+.08)#{1.0~.02%C+.0004#CSQ)
A44 = 1.,2#PS + .21 + .0003«C

PCPT = PC + .07

A24 = A44+PCPT

A33 = ,019 +Ce(-1.1 ¢+ Ce(.04 - .00C2«(C)"
A34 = (PC+.1)#(1.02+,0182C)

A43 = PCPT7#(1.4-.02#C+.00032CSQ)

DELTA = A33#A44 - A342A43

AVR = (THRUST/RWGT)#2.,9E=7 + rw3,3E-T + 2.0E-7
AFT = A33-A44

ARGM = AFT®AFT + 4.,0%A34#A43

EPS = 0.5#(A33 + A44 + SQRTF(ARGM))
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GKK = (EPS—-A33)/A34
EPS = GRAV#EPS/V

vV = Vv
THET = THTH
X = XX
Y =YY
T =177

RMASS = RMTY
DELT = 0.5«DELT

604 Cl = 0.62653829«CELT
C2 = -0.55111241#*DELT
€C3 = 1.40725594#DELT
C4 = -0.48268182+DELT

G2 178 3

605 EH = EPS«DH
ASSIGN 602 T# NERR
CLAM = 1.0 + EH
EHP2 = 0.5#EH®*EH

CeMPUTATIEN BF TRUNCATIZN ERRER COEFFICIENTS

A = ABSF{VH-V) - DHe#{{THRUST/RMASS)#11.0E-8 + GRAV#7.0E-8 ¢+ D@Me
1 19.0E-8)
IF (A) 5001,5002,5002
5001 A = 0.0
5002 8 = ABSF(THH-THET) - (GRAVeDH#].0E-8)/V
IF (B) 5003,5004,5004
5003 B 0.0
5004 DH3 = DH#=3
CC = 1.75#VaDH3 .
AVT = (A#ABSF{A33) + VH=A3448)/CC
IF (AVT-AVTL) 4002,4001,4001
4001 AVTL = 0.8=AVT
G@ T8 4003
4002 AVY = AVTL
AVTL = 0.B8#AVT
4003 CONTINUE
ATT = (A43sA + VH#A44#B)/CC
IF (ATT-ATTL) 4005,4004,4004
4004 ATTL = 0.8#ATT
GP T¥ 4006
4005 ATT = ATTL
ATTL = 0.8#ATT
4006 CONTINUE
PHB = A44#AVT-A34#ATT
PHBB = A442AVR - A34«ATR
PSB = —A43#AVT + A33#ATT
PSBB = —A43#AVR + A33#ATR
EVOV = EVN/VH
VH4 = VHaDH#DH3
TH3 = 2.0#DH3
QQ = 1.1428571/VH4
DHV? = DH#Vv#T,0E-8
DX2 = ABSF{XH-X) — OHV?
IF (DX2) 5005,5006,5006
5005 0X2 = 0.0
5006 AXT = QQ#DX2
IF (AXT-AXTL) 4008,4007,4007
4007 AXTL = 0.8eAXT

52



G2 T8 4009
4008 AXT = AXTL

AXTL = 0.8#AXT
4009 CONTINUE

DY2 = ABSF(YH-Y) - CHV?

IF (DY2) 5007,5008,5008
5007 DY2 = 0.0
5008 AYT = QQeDY2

IF {(AYT-AYTL) 4011,4010,4010
4010 AYTL = C.8#AYT

Gg T8 6005
4011 AYT = AYTL

AYTL = 0.8#AYT

c
c TRAJECTORY ESTIMATES FEBR THRUST PHASES
c
€005 QYK =Y
QYH = Y
QXK = X
QXH = X
QVK = V
QVH = V
QTHK = THET
QMH = RMASS

OMO@T = D2TM

GO TP (6006,6026,6008,6028),NEST
6006 D2 6366 II = 1,30

IF (TRSTI(II,1) - T) 6366,6166,626¢

€166 QTK = TRST1(I!,2)
QTH = TRSTL(II+1,2)
QMH = TMAS(II+1,2)/32.17405

CAONT = TRST1(1I+1,1) = TRST1(II,1)
G2 T@ 6466

€266 QTK = TRSTL(II-1,2) + ((T—TRSTL(II-191))/(TRSTL(II,1)=-TRSTL(II~-1,1]
1))) & (TRSTL(II,2)-TRSTL(1I~-1,y2))
QTH = TRST1(I1,2)
QMH = TMAS({I1,2)/32.17405

CANT = TRSTLHIII,1) - T
GB TP 6466
6366 CONTINUE
¢466 KLER = 1}
: G2 TA ("N1046011)4M
€008 D¢ 6388 (I = 1,30
IF (TRST2{(II,1) - T) 6388,6188,¢288
€188 QTK = TRST2(11,2)
QTH = TRST2(11+1,2)
QMH = TMAS2(11+192)/32.174C5
CBNT = TRST2(11l+1y1) = TRST2(II,1)
GE¢ TO 6488
€288 QTK = TRST2(II-142) ¢+ ((VT-TRST2(II-141))/(TRST2(1141)=TRST2(IT1-1,1
1)))» (TRST2(11,2) - TRST2(11-1,2))
QTH = TRST2(11,2)
QMH = TMAS2(11,2)/32.17405
CENT = TRST2{Il,41) - 7
G@ T2 6488
6388 CONTINUE
6488 KLER = 2
OMNET = D2TM2
G2 T2 (6010,6011)4M
6010 QM = (QMH-RMASS5)/CENT
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GA T2 6012
€011 QM = -DMDPT
QMH = RMASS ~ DMD2TeCONT
6012 QT = (QTH — THRST)/CONT
ALPHA = GRAVsSINF{THET)
BETA = RHU#DIASQ#QVK#CKDeCF
AQTEPB = ALPHA + QT/BETA
QEx = BETA/QM
UN = QM + BETA
QVH = QTH/BETA - (CMH#AQTZB/UN) + (QVK + ACTOBeRMASS/UN ~ THRST/
1 BETA)» { (RMASS/QMH) # «CEX)
PT3V = 0.4#(QVH+QVK)#CBNT
CSKAY = COSF(QTHK)
QXK = QXK + PT3VsCSKAY
QYK = QYK + PT3V#SINFIQTHK)
QTHK = QTHK - 2.0#GRAV#CSKAY#C3NKT/{(QVK+CVH)
QVK QVH
IT = 11 + 1
€013 D@ 6021 I = I1,30
CALL ATMES(QYK,QVK)
GO TP (6016446016)9KLER
€014 QTK = QTH
QTH = TRST1(I.,2)
CONT = TRST1(I,1) - TRST1(I-1,1)
TMEUT = TRSTL1(I,1)
G2 T2 (661446615),K0CEN
6614 CALL TABLE(TABLL,CMACH,CKC,24)
€615 G2 T@ (6015,6019)+M
6015 QMK = QMH

CMH = TMAS(1,2)/32.17405
G2 T0 6018
c
6016 QTK = QTH
QTH = TRST2(I1,2)

CONT = TRST2(I,1) - TRST2(I-1,1)
TMEUT = TRST2(I,1)
GO T8 (6615,6617),K0OCEN
€616 CALL TABLE(TABL3,CMACH,CKD,24)
6617 GB T2 (6017,6019),M

6017 QMK = QMH

QMH = TMAS2(1,2)/32.17405
€018 QM = (QMH—QMK) /CBNT

Gg T4 6020
€019 QM = —-DMCAT

QMK QMH

QMH = QMK - DMCAT#C2NT
6020 QT = (QTH-QTK)/CBNT

SNKAY = SINF(QTHK)
CSKAY = CEBSF(QTHK)
ALPHA = GRAV#SNKAY

BETA = RHEZ#01ASQ#QVK#CKCsCF
AQTEB = ALPHA + (QT/BETA
UN = QM + BETA

QFX = BETA/QM :
QVH = (QTH/BETA) - (QMH#AGTEZB/UN) + (QVK + (AQTEB=QMK/UN) - (QeTx/
1 BETA) ) #{ (QMK/CMH ) #=QEX)

PT3V = 0.4#(QVH+QVK)=CENT

QXK = QXK + PT3VsCSKAY

QYK = QYK + PT3VeSNKAY

OTHK = QTHK - 2.08GRAVeCSKAY®#CENT/(CVK+QVH)
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€021
6C22
€024

OO

€025

€026

€027

€627
€628

(aXaNel

€028

€128
€129

6229
€029

€030

6031
€032

€033
€034

6035
6036

QVK = QVH

IF (YTIME-TMAUT-CENT#1.0E-4) 6022,6022+6021
CANTINUE '
G2 TO (6024,6028)4KLER

IF (NEXT(2))6028,6028,6025

TRAJECTORY ESTIMATE FAR INTERMECIATE BALLISTIC PHASE

OMK = QMH - BMASS
CONT = TIM(2) - TIM(1)
G8 To 6027
QMK = RMASS
CONT = TIM(2) - T
PT6V = 0.6#QVK#CONT
CSKAY = CASF(QTHK)
SNKAY = SINF{QTHK)
QXK QXK + PTAV#CSKAY
QYK QYK + PT6V#SNKAY
QTHK = QTHK - (GRAV#CSKAY/CVK)#CANT
G2 TO (6627,6628)4KCCEN
CALL TABLE(TABL2,CMACH,CKLCy24)
QVK = QVK + (—CRAV#CSKAY - RHZ#CFeCKD#QVK#CQVK#DIASQ/QMK)«CENT
KLER = 2
I1 = 2
DMDET = DATM2
CTH = TRST2(11-1,2)
G@ T 6013

nu

TRAJECTORY ESTIMATE FAR TERMINAL BALLISTIC PHASE

U = SINFICQTHK)

QDETY = QVK=U

TMTN = (ODOTY + SQRTF(QDETY#QDRTY + 2,.0#GRAVeCYK))/GRAV
GO T9 (6129,6128,6129) 4NXY

G2 TP (6129,5014),JMP

CSK = COSF(QTHK)

QNATX = 0.6#QVK#(CSK

PLUS = 1.0/(QVKsCSK)

GD T8 (622746228)KDCON

CALL ATMPZS{QYK,QVK)

CALL TABLE(TABL2,CMACH,CKC,y24)

BET = 0,0023769+DIASQ#QVK#CKD=#CF/32.174C5
SN@CS = U/CSK :

DU = 0.05#4(U+0.9995)

DUZG = DU/32.17405

IF (QYK-5.8E4) 6029,6030,6C31
B2G = BET

G@ TP 6043

B2G = O.1#BET

G8 T@ 6043

IF (QYK-1.0ES5) 6030,6032,6C33
BAG = O.O0L#BET

GO T8 6043

IF (QYK-1.6E5) 6032,6034,6035
BOG = O0.00L#BET

G@ T3 6043

IF (QYK-2.3E5) 6034603646037
BOG = BET#l.0E-4

G? TA 6043
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€037
€038

€039
€040

€041
€042

€Na3

6444
€044
6045

€046
€047

6048

€049

[z XN g]

5014

8001
8002

4013

4014
4015

4016

4017
4018

IF (QYK-3,0€5) 6036,6038,6C39
B2G = BET#1.0E-6

Ge T2 6043

IF (QYK~4.0E5) 6038,6040,6C41
BOG = BETe1.0E-8

G2 T2 6043

IF (QYK-6.0E5) 6040,6042,6042
BOG = BET#1.0E-13

AA = BOAG#SNOCS + PLUS

MU = (1.04U)=(1.0-U)
R2PY = SQRTF(OMU)

AU = (ROZT#AA -~ BOGeU)«s2

QDATYY = U/(ZMU=AU)

QYH = QYK + 0.8#QD2TY#DUBG
Q0ATX = 1.0/ (AU=REAT)

QXH = QXK + QDLTX«+DUBG

G@ T2 (6444,6046),JMP

GB T2 (604446046),JUMP

IF (QYH - QYK) 6045,6045,6046
YMAX = QYK

JUumMp = 2

I (QYH-YF) 6049,6048,6047
QYK = QYH

QXK = QXH

Uu=uyu-0U

IF (1.0+U) 6048,6048,6229
XMAX = QXH

G® T@ S0l14

XMAX = QXK + {QXH-QXK)#(QYK-YF}/(QYK=~QYH)

ESTIMATES ¢F ERRDPRS @VER N STEPS

JUMP = |
IF (NN-NSTEP) 8002,8002,8001
CNN = NSTEP

CLAMN = CLAM##CNN
GL = (CLAMN-1.0)/(CLAM-1.0)

VHH = VHaDH
PHH = ABSF(PHB«DH3 + PHBB)
PSH = ABSF(PSBaDH3 + PSB8B)

IF (PHH-PSH) 4013,4014,4014
CONE = PSH/ABSF(DELTA)

G@ T2 4015

CONE = PHH/ABSF(DELTA)

ETOK = ETN/ABSF(GKK)

If (EVBV-ETOK) 401644017,4C17
CTWg = ETEK

Ge T8 4018

CTweé = Evav

CTHR = Al3 + GKK=Al4

CFER = A23 + GKK#A24

Cl2 = CONE + CTwe

EVLN = Ve (~CENE + CLAMNsSC12)
ETLN = GKKe#EVLN/V

EXLN = EXN + VHHe(CNN® (AXT#DH3 + AXR) ~ CONEeCTHR + CTHR®C1l24GL)
EYLN = EYN + VHHe(CNN#(AYT#DH3 + AYR) -~ CONE=CFBR + CFEReC12sGL)
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IF {NN-NSTEP) 8003,8003,80C4

8003 EVN = 0.5#(FEVLN ¢+ EVNN)
ETN = 0.5#(ETLN + EVTNN)
EXN = 0,5#(EXLN + EXNN)
EYN = 0.,5#(EYLN + EYNN)
G# T2 8005
8004 EVN = EVLN
FTN = ETLN
EXN = EXLN
EYN = EYLN
8005 G2 T8 (7111,7222,7333),KPHASE
FRRPR ANALYSIS INITIALIZATION FOR START @F PHASE
7222 KPHASE = 3
NN = 4
NSTEP = 2
CNN = 2,0
AVTL = 0.0
ATTL = 0.0
AXTL = 0.0
AYTL = 0.0
EVNN = 0.0
ETNN = 0.0
EXNN = 0.0
EYNN = 0.0
EXAVE = EXN
EYAVE = EYN
EVAVE = EVN
ETAVE = ETN
T8 = ¥
Xgg = X
Ye8 =V
vee = v
THEE THET

RMPZ = RMASS

DTH = V/32174.05
ASSIGN 42 T@ NWRT
G@ T¢ 637

7333 KPHASE = 1
T T00
X X009
Y Yoo
v vee
THET = ThHeo
RMASS = RME9
EXN EXAVE
EYN EYAVE
EVN EVAVE
ETN ETAVE
ASSIGN 36 T@ NWRT
Ga T¢ 609

7111 IF (NN-2) 7001,7001,7002
7001 10
X9
Yo
vo

< << X -
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THET = THET®

R
0
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7002 CNN S
NN = N
NSTEP = 1
ASSIGN 36 T@ NWRT
IF (SENSE SWITCH6) 3004,300¢
2004 CALL PDUMP(ZIM,AL13,1)
3006 CONTINUE

NnZOO0OOON

ESTABLISHING STARTING VALUES FER DAUBLE FALSE P2SITION
609 KLK =1
DT = 0.0352VH/GRAV
610 CLAM = 1.0 + £PS#DT

GNN = TMTN/DT
CLAMN = CLAM#&GNN
GL = (CLAMN-1.0)/{CLAM-1.0)

DT3 = DT#e3
PHTY = ABSF(PH3%DT3 + PHB8B)
PST = ABSF(PSLE+DT3 + PSHB)

IF (PHT-PST) 4020,4021,4C21
4020 CANE = PST/ABSF(DELTA)

GO Td 4022
4021 CONE = PHT/ABSF(CELTA)
4022 ETEK = ETN/ABSF(GKK)
EVEV = EVN/VH

IF (EVBV-ETOK) 4023,4024,4C24
4023 CTWE = ETHK

Go TO 4025
4024 CTWZ = EVOV
4025 C12 CBNE + CTwW@

VHH VH«CT

G2 18 (4026,4027) ¢ NNXY

4026 EXNN = EXN + VhH#(GNN#(AXT«CT3 + AXR) — CENE#CTHR + CTHR#(C12=GL)
XIDT = EXNN - GAM2#XMAX
GO TZ 4028

4027 EYNN = EYN + VHH&(GNN#(AYT#CT3 + AYR) - CENE#CFPR + CFERaC12#GL)
XIDY = EYNN - GAM2#YMAX

4028 GP TP (6119615+,615,6159617)4KLK
611 IF (XIDT) 612,613,613
612 DTH = DT

G@ T@ 630
613 Xih2 = XIDT
DT2 = DT

614 DT = 0.1=CT
KLK = KLK + 1
GeZ Te 610
615 IF (XIDT) 61646144614
616 XIDl = XIDT
pDT1 = DT
Ge TP 618
617 GAM2 = 2,0=GAM2
G2 T 609
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COUBLE FALSE PASITIAN RBUTINE FIR F(DELT)

618 DTEZ = (DT1sXID? - DT2«XIDY)/{XIC2 - XID1)
GNN = TMTN/DTY
CLAM = 1.0 + EPS#DT@
CLAMN = CLAM#&GNN
DT3 = CTQx«3
VHH = VH#*0TQ
GL = (CLAMN=1.0)/(CLAM-1.0Q)
PHT = ABSF{PHB=DT3 + PHBS8)
PST = ABSF(PSB=DT3 + PSB8)
IF (PHT-PST) 4030,4031,4031
4030 C@NE = PST/ABSF(CELTA)
G8 TP 4032
4031 CONE = PHT/ABSF(DELTA)
4032 ETPK = ETN/ABSF(GKK)
I1F (EVOV-ET@K) 4033,4034,4034
4033 CTWA = ETOEK
G2 T@ 4035
4034 CTWO = EVIV
4035 Cl2 = CONE + CTwWe
GB@ T8 (5020,45N021) ,NNXY

5020 EXNN = EXN + VHH®(GNN=*{AXT#CT3 + AXR) - CINE#CTHR + CTHR#CL12#GL)
XIDA = EXNN - GAM2#XMAX
G? T8 5022

5021 EYNN = EYN + VHH#(GNN#(AYT#CT3 + AVYR) — CONE=CFZR + CFEReCl2eGLl)
XING = EYNN — GAM2sYMAX N

5022 DIFH = (DT1-CT2)/DT2

IF (0.05-ABSF(RNIFH)) 661,660,660
660 GO@ TP (5025,5026) 4y NNXY
5025 GO T8 (5029,502995027) ¢NXY
5026 G& TO@ (502945029,5028) o \NXY
5027 KLK =1
DT = DT@
NNXY = 2
G4 T8 610
5028 NNXY = 1
5029 DTH = DOT¢

NEG 0
NPES = 0
Ge T@ 630

661 IF (XIDB) 619,620,620
619 NEG = NEG + 1

NPE2S = 0

G@ T2 (621,626)4NEG
620 NPBS = NPPS + 1

NEG = 0

GO TP (621,+627)4NPBS
621 IF (X1DB) 622,623,623
622 DTl = DT¢

Xiol = X100

GO T 618
623 0T2 = DTe

XiD2 = X1DB

Gg T2 618

626 IF (XID1) 627,628,628
627 XID2 = X1D2/2.9
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628

629

630
631

632

633

634

635
€355

6356
€357

636

7003

7306

637

49

NEG = O

NPES = 0

Go T2 618

XIDL = XID1/2.0

NEG = 0

NPRS = O

G8 To 618

IF (XIDl) 628,627,627

GO TP (632+6321632,631),N
NN = NS .

CNN = NS

KPHASE = 1

NSTEP = 1

Ge T2 636

CNN = NS

IF (CNNe#CTH+T ~ TIM(N)) 636,636,633
CNA = (TIM(N)-T)/DTH

NN = CNN

CCN = NN

1F (CNN-CCN) 634,634,635
CNN = CCN

G2 Td 6355

CNN = CCN + 1.0

NSTEP = 1

NN = CNN

NEST = NEST + 1

IF (NEXT(NEST)) 6356,6356,6357

KPHASE = 2

DTH = (TIM(N)-T)/CNN

CLAMN = CLAM#=CNN

GL = (CLAMN-1.0}/(CLAM-1.0)

EVNN =VH#{-C2NE ¢+ CLAMN®C12)

ETNN = GKK#EVNN/VH

EXNN = EXN + VHH#(CNN#» (AXT«#CT3 + AXR) - COUNE#CTHR + CTHR#Cl2eGL)
EYNN = EYN + VHH#(CNN#{AXT#CT3 + AYR) - CONE#CFBR ¢ CFEZReC]l2eGL)

GO T2 (700647003,7006,637)4KU
Y2U = YF + EYN

DLEY = (EYNN - EYN)/CNN

ERRA = ~DLEY

EVING) = EVN

ETI(NB) = ETN#57,.29577
EX{NZ) = EXN

EYI(NB) = EYN

TN(N@) = TT + DH
XN(N@) = XH

YN{N®) = YH

VN(NB) = VH

THN(NG) = THH # 57.29577
NG = N§ + 1

DELT = DTH

c1 0.6265382G+0ELT
c2 =-0.55111241+#DELTY
Cc3 14072559 +DELT

Cé = ~0.48268182+DELT
G2 TP (92,92,49) +KPHASE

THDEG = 57.29577«THETY
THOOT = 57.,29577+THOOAT(3)
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RWGT = 32.17405 # RMASS
WRITE BUTPUT TAPE 3,111, TyXyYeVyTHDEGyCMACH,CCD, THRUST RHUGTRHB
WRITE BUTPUT TAPE 3,112, XC@T(1),Y0BT{1),VCAT(1),THODT ,DRAGPRESS
50 N = N+l
IF(NEXT(N)) 50,50,51
S1 GO TP (3,55,56,59,70201),N

c
55 THRUST = 0.0
DgTM = 0.0
AREA = 0.0

RMASS = RMASS-BMASS
RMEZZ = RMASS
RWGT = 32,17405 & RMASS
G@ T@ (801,802)4NNN

801 WRITE @UTPUT TAPE 3,115
GB T@ 999

802 WRITE GUTPUT TAPE 3,121
NNN = 1
G T@ 999

56 THRST = THR2
NOTM DEeTM2
AREA AREA2/144.0
KASE 2
G@ TP (803,804),NNN

903 WRITE QUTPUT TAPE 3,116
GO Te 999

804 WRITE QUTPUT TAPE 3,122
NNN = 1
Gg T8 999

59 THRUST

AREA
G@ T2 (805,806)4NNN

805 WRITE BUTPUT TAPE 3,117
GO T4 999

806 WRITE BUTPUT TAPE 3,123
NNN = 1

999 EPSLEN = O0.001+DELT
NEST = N
TIME = TIM(N)
ASSIGN 42 TO NWRT
ASSIGN 64 T2 NCNT
LINE = 2
WRITE BGUTPUT TAPE 3,109
WRITE GUTPUT TAPE 3,110
Ga 10 3

TEST FEZR END 2F TRAJECTERY

[gXaX gl

92 GA T@ KAP,(T007,7010,7013)
7007 IF (YDBT(1l)) 7008,3,3
71008 KU = 2
ASSIGN 7010 TE KAP
YMAX = Y
JMP = 2
7010 IF (Y-Y@U) 7012,7011,7011
7011 Y8U = Y@U + DLEY

1




012

7013
7014

€080
€081

7015

6082
¢083

7016
017
7018

7019

YLST = ¥

Gg T8 3

ASSIGN 42 T@ NWRT

NTERM = 2

YONE = Y

YTwd = YLST

DTTWe = -DELT

DELT3 = ~DTTWZe{YONE-YBU)/ (YTLB-YENE)
DELT = DELT3

ASSIGN 7013 T0O KAP

GB T2 604

IF(Y-Y@U) T014,7015,7015
YONE = Y

NB =0

NA = NA + ]

IF {(NA-2) 6081,6080,6080

YTW@ = YOU + 0.5#({YTW@-YEU)

DTPNE = DELT3

DELT3 = ((Y w@-YBU)*OTANE ~ (YONE-YOU)#DTTWR)/(YTUD-YANE)
DELT = DELT3 - DTONE

Ga T3 1016

YTwg = Y

NA =0

NB = NB + 1

IF {NB-2)6083,6082,6082

YONE = YBU + 0.5«(YBNE-Y@UL)
DTTW@ = DELT3
DELT3 = ((YTW3-YEU)»DTONE - (YBNE-YBU)sCTTWO)/ (YTWO-YANE)

DELT = DELT3 - DTTwe

IF (YTW@-YINE-.OL#EYN) 7017,7017,6C4
G3 T8 (7018,7018,7019,7020),KU
XUNB = X

Ky = 3

NN = NS

CHN = NSTEP

NSTEP = 1

TT=T1

XH = X

THH = THET

YH = Y@U

YBU = YF

DLEY = 0.0

VH = V

YLST = Y

DTENE = 0.0

OH = 0.0

ASSIGN 7010 T2 KAP

G2 T# 6005

EVINEG) = EVN

ET(NG) = ETN®57.29577
EX(NE) = EXN

EYING) = EYN

TN(NG) = T

XN(N@) = X

YNINZ) = ¥

VN(NB) = V

THN(NB) = THET # 57.29577
KU = &

NN = NS

CNN = NSTEP
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NSTEP = ]
LA |

XH = X

THH = THET
YH pu
VH
YLS
D .
Y3U = YF-EYN

DLEY = ERRA

DT2NE = 0.0

ASSIGN 7010 T2 KAP
THDEG = THET#57.29577

O <<

o=l n

Y
0
F-

WRITE BUTPUT TAPE 3,111y TeXeY,V,THDEGyCMACHCCDy THRUST +RWGT,RHD

401 WRITE AUTPUT TAPE 3,113, NJR
WRIT = T + 1000,
ASSIGN 42 T@ NWRTY

G2 T2 6005
7020 LINE = 27
XD@s = X

WRITE PUTPUT TAPE 3,126
WRITE BUTPUT TAPE 3,127
WRITE QUTPUT TAPE 3,128
GF T2 (5051,5053,5052) 4 NXY
5051 WRITE GUTPUT TAPE 3,131, GAMMA
PERX = 100.#EX(NEZ}/XNI(NG)
Go 1@ 5054
5052 WRITE @GUTPUT TAPE 3,131, GCAMMA
5053 WRITE QUYPUT TAPE 3,132, GANMMA
PERY = 100.#EY(N@)/YMAX
5054 IF (GAMMA-100.#GAM2) 5055,5C5¢&,505¢
5055 G# T2 (5551,5552,5553) yNXY
5551 WRITE BUTPUT TAPE 3,130, PERX
G@ T84 5057
8552 WRITE QUTPUT TAPE 3,142, PERY
G# T@ 5057
5553 WRITE QUTPUT TAPE 3,143, PERX,PERY
G@ T8 5057
5056 G@ T@ (55549555595556) s NXY
€554 WRITE AUTPUT TAPE 3,129, PERX
GA T8 5057
5555 WRITE QUTPUT TAPE 3,144, PERY
G@ T2 5057
5556 WRITE BUTPUT TAPE 3,145, PERX,PERY
5057 WRITE BUTPUT TAPE 3,133

WRITE BUTPUT TAPE 3,134, XN(N@),EXING) sYN(ND)EYINB) s THN(ND),

1 ETI(NG),VN(NB) EVING)
WRITE BUTPUT TAPE 3,135

WRITE GUTPUT TAPE 3,136, X2yYO0,THDEGO,VE
WRITE PUTPUT TAPE 3,137

WRITE SUTPUT TAPE 3,139

Ngg = Ng - 1

DB 5059 KE =2,N02

WRITE BUTPUT TAPE 3,140, TN(KE)XN(KE) yYN(KE)»THN(KE) »VNIKE),
1 EX(KE)+EY(KE) +ETIKE) EV(KE)

LINE = LINE + 3

IF {56-LINE) 5058,5058,5059
5058 WRITE BUTPUT TAPE 3,138

WRITE BUTPUT TAPE 3,139
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LINE = 5
£059 CONTINUE
G@ T# (5060,5060,506045060,5061)4N

€060 WRITE BUTPUT TAPE 3,141y XUNB,XDBS,XN(NB),YF
€061 NJR = NJR + 1

JN = UN-1
IF (JN) 141,42

END
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APPENDIX II

This appendix contains output for the sample calculation
depicted by Figure 2. The input for this computation is illustrated
in Section C. The first portion of the output consists of a table of
range, altitude, speed and angle as a function of time., Also in-
cluded are the time derivatives of these quantities, the mach number,
the drag coefficient, the thrust, vehicle weight and drag, the air
density, and the air pressure when required, '

The second section of the output is devoted to the error analysis
routine. This begins with a description of the error specification and
provides the estimated error for comparison. A table of range error
(feet), altitude error (feet), speed error (feet/second), and angular
error (degrees) as a function of time follow. This page is terminated
by bounds for the impact range which are based upon a consideration
of the numerical error envelope surroundin g the computed trajectory.
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